OBJECTIVE: The inverse relationship between adiposity and high-density lipoprotein (HDL) cholesterol is well established, however, we believe that its usual representation lacks an important dimension. The purpose of this study is to test whether the relationship depends upon past weight history in addition to current weight. DESIGN: Physician-supplied medical data were compared to questionnaires from a national cross-sectional survey. SUBJECTS: 6847 men who ran between zero and 171 km per week. MEASUREMENTS: Self-reported current weight, greatest lifetime weight and body circumferences were compared to physician-supplied data for plasma concentrations of HDL cholesterol, low-density lipoprotein (LDL) cholesterol, and triglycerides. RESULTS: Current HDL-cholesterol levels were greatest in those runners with the greatest weight loss since their maximum lifetime weight and the greatest reductions in circumference of their waist, hip, and chest since their maximum weight. Plasma levels of triglycerides, LDL-cholesterol, and total cholesterol/HDL-cholesterol were also signi®cantly lower for runners showing the greatest decreases in total and regional adiposity since their maximum weight. The results remained signi®cant when adjusted for current body mass index and running mileage. CONCLUSION: These results suggest that the lipoprotein concentrations of runners are in part dependent upon whether the current weight is relatively high or low within the historical range of weights experienced by the individual.
Introduction
The inverse relationship between adiposity and highdensity lipoprotein (HDL) cholesterol is well established. However, we believe that its usual representation lacks an important dimension. The usual comparisons of HDL between lean and overweight individuals do not consider individual weight histories. The relationship between adiposity and HDL observed cross-sectionally among individuals invokes a frame of reference based on a population that is static in time. We believe that the actual relationship depends upon past weight history in addition to current weight. 1±3 Thus, the expected HDL-cholesterol for a given weight depends upon whether the current weight is relatively high or low within the historical range of weights experienced by the individual. This supposes a frame of reference within each person, a frame of reference also invoked when postulating the existence of a weight-set-point. 2, 3 The within-person reference frame appears apropos to understanding the elevated HDL-cholesterol of long-distance runners. Runners have higher levels of HDL-cholesterol than sedentary men. 4, 5 Runners are also leaner than sedentary men, and much evidence suggests that the runners' leanness contributes in a substantial way to their high HDL-cholesterol. 1, 6, 7 In one longitudinal study, we observed that at the end of one-year of training, HDL-cholesterol levels of the initially sedentary men were more strongly related to their one-year weight losses than to the levels of leanness they achieved (namely while cross-sectional studies ®nd fatter men have lower HDL-cholesterol than leaner men, at the end of the training, fatter runners had higher plasma HDL-cholesterol levels than leaner runners provided they had lost more weight since they began running). 1, 3 In another cross-sectional study, previously obese runners had higher plasma HDL-cholesterol than runners who had never been overweight. ners. 5 Physicians of nearly 10 000 runners provided lipoprotein cholesterol measurements from medical records. These were compared to questionnaire data on running and weight histories in order to verify the hypothesis that plasma HDL-cholesterol levels depend upon prior weight histories in addition to current weight. These data are also used to assess whether the relationship between HDL and deviation from maximum weight might be affected by the age when the maximum weight occurred, years since greatest weight, current weight, running mileage, or family history of obesity.
Materials and methods
A two-page questionnaire, distributed nationally to race participants and to the readership of this nation's largest running magazine (Runners' World, Emmaus PA), solicited information on demographics, running, weight, selected dietary items, cigarette use, prior history of heart attack and cancer, and medications for blood pressure, thyroid, cholesterol, or diabetes. The questionnaire also requested permission to obtain height, weight, cholesterol, triglycerides, blood pressure, and resting heart rate from the runners' physicians. HDL-cholesterol values were obtained from the medical records of 9920 male runners. We excluded 572 runners for prior histories of cancer or heart attacks, 137 for smoking, and 871 for vegetarian diets. One-thousand ®fty-two men (1002 white, 50 nonwhite) used medications for diabetes or to control cholesterol, blood pressure, or thyroid levels. These medications are known to affect plasma lipoprotein concentrations and therefore these men were excluded. This left 7059 White, 100 Hispanic, 35 African-American, 19 Native-American, 47 Asian, and 21 other nonwhite nonvegetarian, nonsmoking runners who were without prior histories of heart disease or cancer and who were not using medications that might affect lipoprotein levels (7 runners did not report race). The remaining 7281 nonsmoking, nonvegetarian runners include 7059 White and 222 nonwhite runners of whom 212 white and 14 nonwhite males were excluded for incomplete data on height or weight.
Body mass index (BMI, weight in kilograms divided by height in meters squared) was computed from the questions on current height (in inches, without shoes), current weight, and maximum lifetime weight. Self-reported circumferences of the chest, waist, and hips were obtained for the times when the participants completed the questionnaire and when they were at their maximum weight. Participants also reported their age when they were at their maximum weight, and they rated their mother and father as lean, average, overweight, or very overweight. Average number of miles run per week was computed by averaging the reported yearly distances over the preceding ®ve years. Ounces of alcohol consumed per week were calculated on the basis of 0.48 oz per 12 oz bottle of beer, 0.48 oz per 4 oz glass of wine, and 0.60 oz per drink of hard liquor. 8 Intakes of fruits, ®sh, and red meat (beef, lamb and pork) were reported as servings per week.
Two approaches were used to validate questions on anthropometric measurements from 116 men: (1) testretest correlations from duplicate questionnaires and (2) correlations of clinical measurements of height, weight and circumference measurements with their self-reported values. Self-reported height and weight showed strong correspondence with the duplicate questionnaires (r 0.98 and r 0.97 respectively) and with the clinical measurements of these variables (r 0.96 for both). There were reasonable but somewhat weaker test-retest correlations for self-reported waist circumference (r 0.84), hip circumference (r 0.79), and chest circumference (r 0.93). Selfreported body circumferences also correlated reasonably with the clinical circumference measurements of the waist (r 0.68), hips (r 0.63) and chest (r 0.77). The somewhat weaker reproducibility of the waist, hip and chest measurements signi®es that the probability of a statistical type-II error (false negative) will be greater for these variables than for height and weight, but this should not affect the probability of the statistical type-I error (false positive). 9 There were high test-retest correlations for selfreported greatest body weight (r 0.99) and age of greatest weight (r 0.94). The test-retest correlations for self-reported distance run per week (r 0.89) compares favorably with those reported for the Minnesota leisure time physical activity questionnaire 10 and the questionnaire used by Morris. 11 Alcohol, red meat, fruit, and ®sh consumption were validated by correlating their reported usual weekly intakes from the questionnaires with their recorded actual intakes from four-day food records in 110 men. The correlations were within the range typically achieved by food frequency questionnaires. The two methods corresponded most strongly for alcohol intake (r 0.65) and moderately for red meat (r 0.46) and fruit (r 0.38). The weak correlation for ®sh consumption has been reported by other validation studies of food records and presumably relates in part to infrequent intake (r 0.19).
In the results that follow, deviation from maximum lifetime body mass index (DBMI) is calculated as:
Dfws fws urrent À fws t mximum weight such that negative numbers mean current weights are below greatest weights. Similarly Dwaist circumference, Dhip circumference, and Dchest circumference refer to the current self-reported circumferences minus the reported circumferences at maximum weight. Dwaist to hip ratio is calculated as wistahip urrent À wistahip t mximum weight
Throughout the text, weight loss refers to the reduction in weight since maximum weight.
Deviations from maximum weight and lipoproteins P T Williams Table 1 divides the sample of white male runners into four groups by DBMI (namely the BMI difference between maximum weight and current weight). Results for men whose current BMI are the closest to their greatest lifetime weight (namely BMI within 2 kg/m 2 of their maximum) are displayed in the ®rst column and those for men who are furthest below their greatest weight (BMI more than 6 kg/m 2 below their maximum) are displayed in the fourth. Men who had lost the most weight tended to be older, run greater distances per week, and consume fewer servings of beef, lamb or pork. They also tended to consume more ®sh, fruit, vitamin C, and vitamin E. Maximum weight occurred, on average, at least 15 y ago in those men who were more than 2 kg/m 2 below their maximum. Unexpectedly, DBMI was unrelated to current adiposity as measured by BMI, waist circumference, hip circumference, and the ratio of waist to hip circumference. (Circumference of the chest, however, tended to be greater in men who had lost the most weight.) DBMI was associated with signi®cant concomitant reductions in the circumferences of the waist, hip, and chest, and in the ratio of waist to hip circumference since greatest weight. The men furthest below their maximum weight were more likely to have been previously obese (BMI ! 30 kg/ m 2 ) and to report having overweight parents. Figure 1 presents mean plasma concentrations of HDL-cholesterol, triglycerides, and the ratio of total cholesterol to HDL-cholesterol by the changes in BMI and waist circumference since greatest weight. Table   2 presents the corresponding regression slopes between current plasma lipoprotein concentrations (the dependent variable) and the deviation from maximum weight. For example, the unadjusted regression slope for HDL-cholesterol vs DBMI (b À0.80 mg/dl per Dkg/m 2 ) shows that HDL-cholesterol increases 0.8 mg/dl for each kg/m 2 reduction from maximum weight (because the coef®cient is negative, the greater the weight loss the higher the HDL). Figure 1 and Table 2 also show that HDL-cholesterol was higher in those men exhibiting greater reductions in waist circumference, hip circumference, chest circumference, or the ratio of waist to hip circumference since their maximum weight. Table 2 shows that these associations with HDL-cholesterol levels remain signi®cant when adjusted for the potentially confounding in¯uences of age, distance run per week, current BMI, and the intakes of alcohol, red meat, ®sh, fruit, vitamin C, and vitamin E.
Results
Plasma triglyceride levels were also signi®cantly lower in those men who were the furthest below their maximum weight, as measured by DBMI, Dwaist circumference, and Dchest circumference ( Figure 1 , Table 2 ). The lower triglyceride levels could not be explained by age, running distance, current adiposity, or reported intakes of alcohol, red meat, ®sh, fruit, or vitamins. Both LDL-cholesterol and the risk ratio (namely total cholesterol/HDL-cholesterol) were lower in men reporting the greatest reductions in BMI, waist circumference, and hip circumference since their maximum weight, which could not be explained by age, current BMI, running mileage, and diet. Deviations from maximum weight and lipoproteins P T Williams
In Table 3 , we examine whether the relationship between HDL-cholesterol and DBMI might be in¯u-enced by other factors, such as the men's age when they weighed the most, the number of years since they were at their greatest weight, their current BMI, their weekly running mileage, and their parents' adiposity. This is tested by the signi®cance level for the interaction, presented in parentheses below the regression slopes. Three conditions were found to affect the relation between HDL-cholesterol and deviation from greatest weight: age of greatest weight, years since greatest weight, and current adiposity. First, the relationship between DBMI and HDL-cholesterol is signi®cant regardless of whether maximum weight occurred during the ®rst two decades, third, fourth, or after the fourth decade of life. The relationship is most pronounced when maximum weight occurred prior to age 20 and least when maximum weight occurred after forty. The interaction between the age of greatest weight and the regression slope is signi®-cant (P`0.002) and remains signi®cant when adjusted for current age, weekly mileage, current BMI, and diet (P`0.008). Second, the relationship is strongest in those men who have sustained their weight loss over time, namely it is not signi®cant in men who were at their greatest weight within the last 5 y and is most pronounced in men whose maximum weight occurred over 15 y ago. The interaction between years since greatest weight and the regression slope is signi®cant (P 0.0002) even when adjusted for other covariates (P 0.02). Third, although the relationship was signi®cant in both leaner and heavier men, it was marginally stronger in men who were currently leaner (`25 kg/m 2 , P 0.03 for interaction). Running mileage and number of overweight parents do not appear to affect the relationship between current HDL-cholesterol and DBMI.
Minority runners The regression slope of current HDL-cholesterol versus DBMI was not signi®cantly different between the 215 nonwhite runners (b À1.45 AE 0.40 mg/dl per Dkg/m 
Discussion
Previous analyses of these data have shown that incremental increases in exercise volume (mileage) through 80 km/week are associated cross-sectionally with signi®cant increases in HDL-cholesterol and signi®cant decreases in adiposity, triglycerides, totalcholesterol/HDL-cholesterol, and estimated coronary heart disease risk. 5, 12 The current paper examines more closely the relationship between adiposity and plasma lipoprotein concentrations in runners. The analyses reaf®rm our observation that current HDLcholesterol levels of runners depends not simply on current weekly mileage and BMI, 5 but also on the difference between current weight and greatest weight. Two runners, identically matched on weekly mileage and current body mass index, are expected to have different HDL-cholesterol levels if one of the Deviations from maximum weight and lipoproteins P T Williams * P`0.05; ** P`0.01; *** P`0.001; **** P`0.0001. , and intakes of alcohol, beef, fish, fruit and vitamins C and E runners was previously overweight and the other was never overweight. 1, 3 Current HDL-cholesterol levels were also shown to depend upon changes in waist circumference, hip circumference, chest circumference, and waist to hip ratio since greatest weight.
The majority of runners were more than 2 kg/m 2 below their maximum weight and had been below their maximum weight for over 15 y. This is in contrast to diet-induced weight loss which usually is not sustained. Long-distance runners and men who have lost weight by dieting may share the same unstable metabolic state below their theoretical setpoint weight. 13 However, whereas dieters often return to their initial weight, long-distance runners are able to sustain their reduced weight. Schwartz and Brunzell 14 have hypothesized that increased lipoprotein lipase activity may be an important regulatory response following loss of adiposity below usual weight. The increase in lipoprotein lipase activity of adipose tissue in these men may primarily serve to return adipose mass and fat cell size to that speci®ed by the postulated set-point for body weight. 13, 14 However, men who have lost weight by long-distance running are able to sustain the reductions in fat cell size on unrestricted diets that contain 40±60% more calories than sedentary men who are at stable weight. 15 High adipose lipoprotein lipase activity may explain in part the correlation between the runners' HDL-cholesterol levels and the difference between the runners' current and greatest weight. The increase in runners' total lipoprotein lipase activity is largely derived from increased activity in adipose tissue. 3, 16 Adipose tissue lipoprotein lipase activity is negatively correlated with fat cell diameter in runners. 17 Among subjects matched for current weight, runners who were obese before running have smaller fat cells than runners who were initially lean. 18 Therefore, an increase in HDL-cholesterol, mediated through increased lipoprotein lipase, will be greatest in those runners with the smallest fat cells, namely those who have lost the most weight since starting to run. 3 High lipoprotein lipase activity may accelerate very low density lipoprotein (VLDL) and chylomicron catabolism. 19 This may cause HDL to increase due to the more rapid transfer of free cholesterol and phospholipids to HDL. 19 It may also limit the availability of triglyceride-rich lipoprotein particles for cholesterolester triglyceride exchange with HDL, causing HDL cholesteryl ester to accumulate in plasma. 20 Speci®-cally, high lipoprotein lipase activity in previously overweight runners may favor the pathway of high cholesteryl ester-triglyceride exchange and promote the formation of HDL 2 ( Figure 2 ). Other factors that Figure 2 High lipoprotein lipase activity may increase HDL-cholesterol in previously overweight runners by reducing the pool of triglyceride-rich lipoproteins (for example chylomicrons, VLDL) thereby favoring the pathway of low cholesteryl ester triglyceride exchange. 20, 21 Speci®cally, cholesteryl ester, formed from free cholesterol by L:CAT (lecithin:cholesterol acyltransferase; (A), is incorporated into the HDL core (B). This process is continued (F,G,H,I) leading to the formation of HDL 2 . Under the alternative pathway of high cholesteryl ester triglyceride exchange, HDL forms a ternary complex with cholesteryl ester transfer protein and either chylomicron or VLDL particles (C). When this occurs, the cholesteryl ester transfer protein may mediate the net transfer of cholesteryl ester from HDL to the chylomicron or VLDL particle (C). In exchange for the cholesteryl ester, triglyceride is transferred to HDL (D), which may then be hydrolyzed by hepatic lipase (E), so that HDL-cholesteryl ester does not accumulate. may contribute to the elevated HDL-cholesterol in men who have lost weight include decreased free fatty acid concentrations, reduced hepatic lipase activity, and reduced post prandial lipemia. 3, 7, 21 These observations support our hypothesis that long-distance runners have in part the HDL-cholesterol metabolism of men who are below their usual sedentary weight rather than the HDL-cholesterol metabolism of lean sedentary men who are at their usual weight. 3 This is the ®rst study with suf®cient sample size to examine whether other variables interact with the relationship between prior weight loss and current HDL-cholesterol levels. Table 3 shows that this relationship was strongest in those men who were at their greatest weight more than 15 y ago and weakest in those men who had been at their greatest weight within the past ®ve years. The relationship was also stronger when the men were lean and when the maximum weight occurred at a younger age. The regression slope between DBMI and HDL-cholesterol was signi®cant in both Hispanics and African-Americans. Although the slope observed among white males (b À0.80 AE 0.07 mg/dl per Dkg/m . 2 The slope is also less than that reported for HDL 2 Although the HDL-cholesterol values obtained from medical records are presumably less accurate than those used in our previous studies, greater measurement error in the dependent variable should not affect the regression slope (however, the standard error for the slope will be increased). 9 In contrast, accuracy of the independent variable (DBMI) does affect the regression slope, causing the estimated value to be biased towards zero, which may contribute in part to the lower estimate presented in Table 2 . 9 The current sample is also more diverse than previous samples, and involves longer-distance runners. However, as the current study is substantially larger than any of the previous studies, the present analyses suggest that deviation from maximum weight exerts a signi®cant, albeit smaller effect on HDL-cholesterol than reported previously.
